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Abstract
The CMS experiment at the Large Hadron Collider has recently presented data
on the average transverse momentum of protons, kaons and pions as a function
of particle multiplicity. We relate the particle multiplicity to saturation momen-
tum using recently published computations of the interaction radius determined
from the theory of the Color Glass Condensate. We show that the pp and the
pA experimental data scale in terms of these saturation momenta. Computing
transverse momentum spectra for identified particles using Boltzmann-type dis-
tributions and relating different associated multiplicities using geometric scaling,
these simple distributions reproduce the observed dependence of the mean trans-
verse momentum on particle multiplicities seen in both pp and pA interactions
for pions to good accuracy, and to fair agreement for protons and kaons.
1. Introduction
At very high energies, produced particle multiplicities can become very large.
The gluons which are ultimately responsible for producing particles acquire
very high densities per unit area, and are controlled by a scale, the saturation
momentum [1],
Q2sat ∼
dN
dy
1
ST
(1)
where ST is an appropriately defined measure of transverse interaction area that
we discuss in some detail in Sect. 2. The constant of proportionality in Eq. (1)
goes as 1/αs, where αs is measured at the saturation scale. For large enough
saturation momenta, this dependence is rather weak, and for the analysis in this
paper, we will ignore it.
In the theory of the Color Glass Condensate (CGC) [2]–[6], which is supposed
to describe the high energy limit of QCD, if we ignore the weak saturation mo-
mentum dependence of coupling constant, particle densities for particle species
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i in proton-proton collisions should scale as [7, 8, 9]
1
ST
dNi
dyd2pT
= Fi
(
pT
Qs
,
mi
Qs
)
. (2)
The form of Eq. (2) follows from hypothesis of geometric scaling, which
states that differential distributions of charged particles produced in hadronic
collisions, which in principle should depend on two kinematical variables pT
and s, depend only on a specific combination of them, called scaling variable
τ = pT/Qs(pT/
√
s). Here Qs is a saturation scale introduced in Ref. [7]. It
should be distinguished from Qsat used in Eq. (1) which is the scale appearing
after integrating differential distributions, like the one in Eq. (2), over some
region of pT. In this case Qsat should be interpreted as a typical transverse
momentum for given energy, atomic number A, centrality class, etc., and can
be though of as a solution of an equation Qsat = Qs(Qsat/
√
s) in some partic-
ular kinematical region. Over the limited transverse momentum range needed
to determine the average transverse momentum for a particle species, the x
dependence of the saturation momentum is very weak, so in what follows, we
ignore it, and the saturation momentum may be thought of as an average sat-
uration momentum scale appropriate for a typical transverse momentum scale.
Equation (2) does a good job [8, 9] describing the energy dependence of total
charged particle production at the Large Hadron Collider (LHC) [10]–[15]. In
such a circumstance, the majority of particles are pions, and the mass may be
ignored. If, however, we want to study identified particles of species i [16]–[19],
then the dependence on their masses mi appears naturally in Eq. (2). Identified
particle spectra are described, e.g. by the CMS collaboration [16, 17], by Tsallis
distributions with parameters n and T that are different for pions, kaons and
protons. Consequently functions Fi in Eq. (2) depend on particle species. This
is further demonstrated in Sect. 4 where we define effective temperature and
the pertinent saturation scale that depend on particle species i.
In our analysis, we shall be considering both pp [16] and pA [17] collisions
using data from the CMS collaboration at the LHC. In this case, there are two
saturation momentum scales: that of the proton, Q
(p)
s = Qp, and that of the
nucleus, Q
(A)
s = QA, [20, 21]. In this case Eq. (2) has the additional dependence
1
ST
dNi
dyd2pT
= Fi
(
pT
Qp
,
mi
Qp
,
Qp
QA
)
. (3)
For low multiplicities, the proton saturation momentum scale Qp is less than
that of the nucleus, QA, but at high energies and/or central rapidities, for high
multiplicity fluctuations, they should eventually become equal, Qp/QA = 1 as
in pp collisions. The equality for high multiplicities follows because once the
proton saturation momentum equals that of the nucleus, then there is no gap in
the transverse momentum spectrum between that of the saturation momentum
of the proton and that of the nucleus. This occurs by the saturation momentum
of the proton increasing without much change in that of the nucleus. If we go to
higher density, then we might expect the saturation momentum of the proton
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and that of the nucleus to increase in tandem, since this would require making
a rated fluctuation needed to generate an asymmetric distribution.
When we apply Eq. (3) to pA collisions, we shall ignore the dependence on
Qp/QA, assuming the dependence is weak, an assumption justifiable for very
high multiplicities.
An issue not tested by such a geometric scaling description is whether this
scaling works as a function of multiplicity and for identified particle species.
There has been a recent analysis by the CMS collaboration, that geometric
scaling does a fair job of describing pion, kaon and proton production in proton-
proton collisions [22]. In this paper we explore how well geometric scaling de-
scribes the now available LHC data. In particular, we will attempt to describe
the recently presented CMS data on the mean transverse momentum of pro-
duced particles as a function of particle multiplicity.
The paper is organized as follows. In Sect. 2 we discuss the emergence of the
transverse interaction area, ST, introduced in Eq. (1) which is an essential novel
ingredient of our analysis. We show next in Sect. 3 that data for mean trans-
verse momentum as function of the square root of multiplicity (more precisely
of
√
Ntrack ) scale with
√
ST. We do this by comparing data for pp and pA col-
lisions. In Sect. 4 we show that simple thermal distributions explain geometric
scaling observed in the data. Finally in Sect. 5 we present conclusions.
2. The Interaction Area
In order to compute the saturation momentum, one needs the ratio of particle
multiplicity to interaction area. The particle multiplicity can be taken as an
input. To compute the interaction area as a function of centrality for both pp
and pA collisions, we use the result of the computation of Bzdak et. al. [23]
in the IP-Glasma model [24, 25]. This is a computation based on an impact
parameter description of pp collisions, combined with an underlying description
of particle production based on the theory of the Color Glass Condensate. It
has several remarkable features. First, the interaction radius is approximately a
linear function of (dN/dy)1/3 for dN/dy less than some critical value. Eventually
the radius saturates to a constant that is smaller for pp than pA collisions. Until
the radius for pp collisions saturates, the radii for pp and pA collisions as a
function of multiplicity are nearly the same.
The saturation of the radius R as a function of (dN/dy)1/3 can be understood
in the following way. For smaller multiplicities, the number of produced particles
is proportional to the interaction volume ∝ R3.
Once maximal overlap (b = 0 fm) is achieved, higher multiplicities can only
be reached by certain color charge fluctuations, which do not increase the size
of the system. This argument also holds for pA collisions, where b = 0 fm
corresponds to an overlap of the proton with the densest region of the nucleus.
The greatest uncertainty in this computation is for the smallest multiplicity
collisions. We will take the minimum multiplicity where such a computation
may be reliable to be the minimum bias multiplicity in pp collisions, which we
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will take to be around 5 charged particles per unit rapidity. In addition, the ratio
of the radius for pp and pA can be more or less unambiguously defined and is
largely independent of a cutoff in the energy density at which it is measured, the
absolute values of the radii depend more strongly on the precise definition. This
leads to an overall constant uncertainty in the saturation momentum, which will
however not be important in our scaling analysis.
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Figure 1: Radius RpPb =
√
SpPb/pi for pPb collisions and Rpp =
√
Spp/pi for pp collisions vs
(dNg/dy)1/3 as computed in the IP-Glasma model [23] together with the corresponding fits.
The results for the radii of [23] are shown in Fig. 1, where the fitted curves
are our parametrization of the computations. RpPb as a function of the gluon
multiplicity is parametrized as
RpPb = 1 fm× fpPb
(
3
√
dNg/dy
)
(4)
with
fpPb(x) =
 0.21 + 0.47x if x < 3.5,1.184− 0.483x+ 0.305x2 − 0.032x3 if 3.5 ≤ x < 5,
2.394 if x ≥ 5.
(5)
The gluon multiplicity dNg/dy can be approximately related to the number of
tracks seen in the CMS experiment by
dNg
dy
≈ 3
2
1
∆η
Ntrack (6)
where ∆η ∼ 4.8 units of pseudo-rapidity. The cutoff in this formula, where we
no longer trust the computation of the radius, corresponds to Ntrack ∼ 20. For
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the pp radius we take
Rpp = 1 fm× fpp
(
3
√
dNg/dy
)
(7)
with
fpp(x) =
{
0.387 + 0.0335x+ 0.274x2 − 0.0542x3 if x < 3.4,
1.538 if x ≥ 3.4. (8)
3. Scaling of the Measured 〈pT〉 as a Function of Multiplicity
If particle distributions have the scaling property of Eq. (2), then for a single
particle species, the distributions will map into one another if plotted vs. the
saturation momentum. The saturation momentum squared would be linear
in the associated multiplicity were it not for the dependence of area of the
interaction region upon multiplicity. The data presented by CMS is shown
in Fig. 2. We have then computed the saturation momentum associated with
each multiplicity for pp and pA, then replotted the data as a function of the
corresponding saturation momenta, or the square root of the ratio of multiplicity
and the transverse area. We see that to within experimental accuracy, the
identified proton, kaon and pion spectra map into one another as shown in
Fig. 3. A physical interpretation of this behavior is that local particle production
is determined by the system’s properties within flux tubes of size 1/Qsat and
not affected by the total system size.
4. Do the Identified Particle pT Distributions Obey Geometric Scal-
ing?
We describe the transverse momentum spectra of particle species i by the
distribution
f(mi, T
eff
i , pT) ∼ e−(mT )i/T
eff
i , (9)
where (mT )i =
√
p2T +m
2
i and the effective temperature T
eff is parametrized
as
T effi = κiQp = κi
√
Ntrack
ST
, (10)
where we have neglected any dependence on QA in pA collisions as discussed
above. From this distribution we can compute the dependence of the mean
transverse momentum of particle species i on multiplicity using
〈pT〉i =
∫
p2TdpT f(mi, T
eff
i , pT)∫
pTdpT f(mi, T effi , pT)
=
m2i
mi + T effi
K2
(
mi
T effi
)
emi/T
eff
i , (11)
where K2 is the modified Bessel function of the second kind.
Results for protons, kaons, and pions are shown in Figs. 4 - 6. The only
difference between results for pp and pPb collisions is the transverse size entering
5
 0.5
 1
 1.5
 2
 0  50  100  150  200  250
〈p
T〉
 [G
eV
]
Ntrack
p+Pb p+p
p, −p
K±
π±
Figure 2: Mean transverse momentum in pp and pPb collisions measured by the CMS
collaboration vs. Ntrack.
through T eff according to Eq. (10). We fixed the parameter κi in Eq. (10) for
each particle species i to fit one value of 〈pT〉i in pp collisions. We chose to
do this at a value between Ntrack = 50 and 60 for protons and kaons and for
Ntrack ≈ 30 for pions. The description of the pion 〈pT〉 is excellent in both pp
and pA collisions, while for protons we find some deviations especially at low
multiplicities. For kaons there is disagreement between the pp data and the
calculation. Generally, however, qualitative agreement is found for all particle
species. For completeness, the resulting effective temperatures for the different
particle species and different collision systems are shown in Fig. 7.
5. Conclusions
It appears that the geometric scaling [7] and the specific behavior of trans-
verse interaction area ST with multiplicity predicted by the theory of the Color
Glass Condensate [23] describe very well generic features of the mean transverse
momenta of produced particles as a function of centrality at LHC energies for
pp and pA collisions. Once identified particle distributions are available as a
function of multiplicity for both pp and pA collisions for a larger multiplicity
range and possibly for the higher energies, it will be very interesting to see how
far the scaling hypothesis will go in describing such distributions. The energy
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Figure 3: Mean transverse momentum in pp and pPb collisions measured by the CMS
collaboration vs.
√
Ntrack scaled by the square root of the transverse area Spp = piR
2
pp and
SpPb = piR
2
pPb, respectively.
dependence of minimum bias pp collisions for charged particle distributions, and
identified particle distributions seem to provide a good description.
One of the key issues in pA collisions is whether some degree of collectivity
is needed to describe the data [26], at least for the highest multiplicities. In
this note we show that simple scaling arguments can explain the flattening of
the mean pT for identified particles with
3
√
dN/dy which is often attributed to
flow. Once new data characterizing pPb collisions, especially on interferometric
radii [27], are available, then one will be able to distinguish between different
scenarios of particle production mechanisms in pA collisions.
One might ask about the implications of the scaling discussed in this paper
for heavy ion collisions. In such collisions the collision area is controlled by the
geometry of the collisions, and the typical multiplicity scales with the number of
participants. However, in heavy-ion collisions significant final state interactions
of particles should generate flow, and modify the transverse momentum. The
good description of heavy ion collisions by hydrodynamic simulations suggests,
at least for central collisions, that initial state effects on the typical transverse
momentum are largely washed out by final state interactions.
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Figure 4: Mean transverse momentum in pp and pPb collisions for pions vs. Ntrack compared
to experimental data from the CMS collaboration. The difference between pp and pPb results
stems solely from different transverse areas.
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